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Crystal Structure of the Targeting Endonuclease
of the Human LINE-1 Retrotransposon
transcriptase. Depending on the DNA integration mech-
anism, two classes of retrotransposons are distin-
guished. The first class contains long terminal repeat
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Department of Molecular Carcinogenesis-H2 (LTR) retrotransposons and retroviruses. These retroele-
ments use an integrase that recognizes the LTRs of thePlesmanlaan 121
1066 CX Amsterdam double-stranded DNA copy. The second, much larger,
and more ancient class includes all non-LTR retro-The Netherlands
transposons. Those are thought to integrate via target-
primed reverse transcription (TPRT), a process in which
reverse transcription and integration are coupled (Eick-Summary
bush and Malik, 2002; Kazazian, 2004). An endonuclease
that is part of the same polypeptide chain as the reverseThe human L1 endonuclease (L1-EN) is encoded by
the non-LTR retrotransposon LINE-1 (L1). L1 is re- transcriptase nicks the genomic DNA and hands over
the resulting ribose 3-hydroxyl end as a primer for re-sponsible for more than 1.5 million retrotransposition
events in the history of the human genome, contribut- verse transcription of associated template RNA (Cost
et al., 2002; Luan et al., 1993).ing more than a quarter to human genomic DNA (L1
and Alu elements). L1-EN is related to the well-under- Most non-LTR retrotransposons encode an endonu-
clease located N-terminally of the reverse transcriptase.stood human DNA repair endonuclease APE1, and its
nicking specificity is a major determinant for retro- This endonuclease bears similarity to the human DNA
repair endonuclease APE1 that recognizes apurinic andtransposon integration site selection. The crystal
structure of human L1 endonuclease is the first of a apyrimidinic (AP) sites (Mol et al., 2000). A minority of
non-LTR retrotransposons encode an endonucleaseretrotransposon-encoded protein and a prototype for
retrotransposon-encoded endonucleases involved in that is located C-terminally of the reverse transcriptase
and that is rather similar to certain restriction enzymes.target-primed reverse transcription. Structure-based
endonuclease alignments reveal a conserved threo- The APE-type non-LTR retrotransposons have been
subdivided into 10–11 clades, based on a phylogeneticnine in addition to previously identified invariant resi-
dues and suggest that DNA recognition proceeds via sequence analysis of their reverse transcriptases. Al-
most every eukaryotic genome contains at least onethe accommodation of an extrahelical nucleotide
within a pocket of the enzyme. The present analysis active element from at least one of these clades (Eick-
bush and Malik, 2002; Lovsin et al., 2001; Malik et al.,will help to refine phylogenetic and functional relation-
ships among metal-dependent phosphohydrolases 1999). The impact of any given element on its host ge-
nome depends largely on its insertion site specificity.and provides a basis for manipulating non-LTR retro-
transposon integration site selection. High-fidelity integration into repetitive telomeric se-
quences or into or next to multicopy genes is tolerated
more easily by the host, because this has little or noIntroduction
impact on the rest of the genome. It is believed that
such highly specific integration is not only governed byThe continuing insertion of “selfish” retrotransposons
has generated much of the so-called “junk DNA” within the nicking specificity of the endonuclease but also by
other element- or host cell-specific targeting factors. Ineukaryotic genomes. This process is an important factor
contributing to the “fluidity” and evolution of genomes, contrast, less specifically integrating elements can have
more dramatic consequences for the host. They oftenbut it represents a major challenge for the respective
species as it has both beneficial and disastrous conse- lead to a significant increase in the amount of genomic
DNA and are more likely to interfere with essential genequences (Brosius, 2003; Eickbush and Malik, 2002). Ret-
rotransposons can damage genes by insertional muta- functions, because they get interspersed throughout the
genome (Zingler et al., 2004).genesis, shuffle exons to new genomic locations,
The human L1 element has been characterized as acomobilize other retroelements, and assist in pseu-
long interspersed nuclear element (LINE). It is a memberdogene formation (Ostertag and Kazazian, 2001). They
of the L1 clade of APE-type non-LTR retrotransposonscan also cause genomic rearrangements either as a
and integrates into the frequent consensus target se-direct consequence of the integration process or, indi-
quence 5TTTT-AA3, where the hyphen represents therectly, by offering sites for homologous recombination
scissile bond on the nicked strand (Gilbert et al., 2002;(Deininger et al., 2003).
Jurka, 1997; Symer et al., 2002). The L1 element containsRetrotransposons—in contrast to DNA transposons—
an internal promoter and two open reading framespropagate via a “copy and paste” mechanism. They give
(ORFs). The first protein (ORF1p) binds to L1 RNA inrise to an RNA intermediate that is used to generate a
multiple copies, forming large ribonucleoprotein parti-DNA copy with the help of an element-encoded reverse
cles (Hohjoh and Singer, 1996). The second protein
(ORF2p) is modular, consisting of an N-terminal AP-like*Correspondence: o.weichenrieder@nki.nl (O.W.), perrakis@nki.nl
endonuclease, a central reverse transcriptase, and a(A.P.)
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Boeke, 1998; Feng et al., 1996; Ostertag and Kazazian, manipulating substrate specificity and with the goal of
using non-LTR retrotransposons as a genetic tool (Soifer2001). The human ORF2p is thought to recognize the
L1 RNA primarily via the poly(A)-tail, and it displays a et al., 2001). Finally, we traced the conservation of struc-
tural elements and of particular side chains throughoutremarkable cis-preference; i.e., it binds preferentially to
the RNA molecule from which it is being translated. This the whole phosphohydrolase family, thereby providing
information for the refinement of phylogenetic and func-assures that only full-length L1 RNA encoding functional
proteins participates in retrotransposition, and it pre- tional relations.
vents other poly(A)-containing RNAs in the cell from
competing (Wei et al., 2001). Alu RNAs, however, that are Results and Discussion
part of Alu ribonucleoprotein particles (Weichenrieder
et al., 2000) seem to efficiently interfere with this cis- Expression, Characterization,
preference of ORF2p. Alu particles are believed to recruit and Structure Solution
ORF2p as well primarily via their poly(A)-tail, because it Recombinant human L1-EN (residues 1–239 of L1-
is the only obvious component common to both L1 and ORF2p) was expressed in Escherichia coli without tags.
Alu RNAs (Boeke, 1997; Dewannieux et al., 2003). Con- The apparent hydrodynamic radius of the purified pro-
sequently, the L1 endonuclease is responsible not only tein indicates it to be monomeric at concentrations up
for approximately 520,000 L1 integrations, but also for to 10 M. Therefore, a possible dimerization of ORF2p
more than 1,090,000 Alu integrations in the human ge- as observed for viral reverse transcriptases (Kohlstaedt
nome, accounting for more than a quarter of its mass et al., 1992) does not seem to apply to the isolated
(Lander et al., 2001). endonuclease domain. In a plasmid-based nicking
L1-EN belongs to an enzyme family of metal-depen- assay, our untagged version of the protein behaves simi-
dent phosphohydrolases that share the same fold and larly to a previously characterized, tagged version (Feng
active site residues and that cleave a large variety of et al., 1996). The slow enzymatic turnover observed in
phosphoester substrates (Dlakic, 2000; Hofmann et al., both cases might be due to an inhibition of product
2000). Next to the AP-like retrotransposon-encoded en- release in the absence of RNA template and reverse
donucleases (Eickbush and Malik, 2002; Lovsin et al., transcriptase similar to the effect observed for the APE1
2001), there are a number of other subfamilies. These enzyme that is involved in DNA repair (Mol et al., 2000).
include nucleases like the AP DNA repair endonucleases This would indicate cooperation in the process of target-
(Barzilay and Hickson, 1995), secreted DNases (Lara- primed reverse transcription between the nicking activ-
Tejero and Galan, 2000), and single-stranded RNA dead- ity of the endonuclease and subsequent enzymatic
enylases (Dupressoir et al., 2001), but also other enzyme steps. Crystals of L1-EN diffracted up to 1.8 A˚ resolution,
families like inositol polyphosphate phosphatases and the structure was solved by molecular replacement
(Whisstock et al., 2000) and sphingomyelinases (Goni using the structure of APE1 as a search model. The final
and Alonso, 2002). Members of some subfamilies have model of L1-EN was built automatically and refined to
been characterized on a molecular level, with crystal an Rfree factor of 21.9% (Table 1). Various attempts tostructures of enzyme-substrate complexes yielding de- cocrystallize L1-EN with substrate DNA were unsuc-
tailed insight into substrate recognition and clues on the cessful.
catalytic mechanism (Mol et al., 1995, 2000; Tsujishita et
al., 2001; Weston et al., 1992). Structural information
Description of the Structureon retrotransposon-encoded endonucleases, however,
The crystal structure of L1-EN is the first representativehas been lacking so far, despite the fact that many of
of an endonuclease from a non-LTR retrotransposonthem are well characterized functionally and biochemi-
and the fifth of a protein from the phosphohydrolasecally (Zingler et al., 2004).
enzyme family. Like the other members of the enzymeHere we report the first crystal structure of a retro-
family, L1-EN is a two-layered - sandwich with, ap-transposon-encoded protein, the human L1 endonucle-
proximately, 2-fold internal symmetry (Figure 1). Figurease. We generated a precise, structure-based alignment
2 shows details of the L1-EN structure and includes anwith the other structurally determined members of the
idealized, common topology for the enzyme family withphosphohydrolase enzyme family via multiple three-
the L1-EN sequence superimposed. In this idealized to-dimensional superpositions. Additionally, we used our
pology the two halves A and B of the enzyme face eachknowledge of the L1-EN structure in the alignment of
other via the two six-stranded  sheets, each of whichrepresentative endonuclease sequences that we re-
is flanked by two  helices on the outside. The N- andtrieved or reconstructed from raw database entries and
C-termini are always located between  strands A2that comprise all known clades of APE-type non-LTR
and A3 of half A, but apart from that, the individualretrotransposons. The analysis of the L1-EN crystal
members of the enzyme family deviate from this com-structure in the light of these alignments enables us to
mon double topology to various degrees. Thediscuss the DNA nicking mechanism in the context of
connecting loops between these idealized secondarya newly identified conserved residue. Furthermore, the
structure elements are quite variable. They occasionallycomparison to the structures of DNA complexes from
contain additional strands or helices and define twoother members of the phosphohydrolase enzyme family
surfaces on opposite sides of the molecule, one of whichtogether with the biochemical information on L1-EN
binds the substrate and contains the active site cleft.allows us to speculate on the functions of elements
The present model of L1-EN contains amino acidsthat are involved in DNA substrate recognition. This is
particularly interesting with respect to the possibility of 3–238 of L1-ORF2p. The  strand B6 from the idealized
Crystal Structure of the Human L1 Endonuclease
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Table 1. Data Collection and Refinement Statistics
Data Collection
Resolution, A˚ 20–1.8
Cell dimensions, A˚ a  91.0, b  126.5, c  43.0
Space group P21212
Rmerge, %a 6.2 (44.2)
Completeness, %a 97.5 (90.2)
I/(I)a 17.2 (2.4)
No. of reflections
Unique observed 45765
Total measured 685558
Refinement
Rcryst, % 18.5
Rfree, % 21.9
Number of
Molecules per asymmetric unit 2
Atoms 4266
Ions 10
Glycerol molecules 2
Water molecules 454
Ramachandran plot
Most favored regions, % 90.1
Allowed regions, % 9.9
Rmsd from ideal geometry
Bond lengths, A˚ 0.016
Bond angles,  1.68
Optical resolution, A˚ (Vaguine 1.5
et al., 1999)
a Values in parentheses correspond to those in the outer resolution
shell (1.86–1.8 A˚).
topology is interrupted by an  helix, and the  helix
A2 is replaced by a loop and a 3-10 helix. For conve-
nience, we nevertheless refer to these elements as B6 Figure 1. Crystal Structure of Human L1-EN and Comparison to
andA2. Furthermore, loopB6-B5 adopts a particular Members of the Enzyme Family of Metal-Dependent Phosphohydro-
and rigid hairpin structure that protrudes from the puta- lases
tive DNA binding surface of L1-EN. No metal ions were Bars represent full-length proteins containing phosphohydrolase
domains at the colored positions. The respective structures areidentified in the structure, but there are several sulfate
drawn as ribbon diagrams juxtaposed in the same orientation withions. One of them is coordinated by the side chains of
the substrate binding surface on top. A common, central  sandwichH45 and N19 on the DNA binding surface, and another
is surrounded by individual  helices and surface loops. For abbrevi-one is coordinated by Y115. Quite likely, they occupy ations and PDB codes, see Experimental Procedures.
positions that can be taken by backbone phosphates
of the DNA substrate. These positions were used in the
docking of an NMR model of substrate DNA (Stefl et al., scores 26.1 and 25.9, respectively) followed by bovine
DNaseI and yeast inositolpolyphosphate-5-phospha-2004) to L1-EN (Figure 5).
tase (IPP5) (Z scores 19.9 and 15.5, respectively). The
proteins belong to the phosphohydrolase enzyme familyStructure-Based Similarity Search
and Alignments and function as isolated enzymes or in the coordinated
context of multidomain proteins (Figure 1). An accurate,To assign functional significance to elements within the
L1-EN crystal structure, we compared it in detail to re- structure-based alignment was derived from the super-
position of these five structures. It reveals a minimal,lated structures and complexes as well as to related
sequences. This comparison was done on three levels: common core of structural elements and of individual
catalytic residues that are present in all five structuresthe level of the enzyme family of metal-dependent phos-
phohydrolases, the level of the subfamily of retro- (Figure 3).
Second, a computer-assisted multiple sequencetransposon-encoded endonucleases, and the level of
closely related mammalian-type L1 endonucleases alignment of retrotransposon-encoded endonucleases
was generated that covers all presently known clades(from mammals and fish) that presumably nick the same
DNA target sequence. of non-LTR retrotransposons (Eickbush and Malik, 2002;
Lovsin et al., 2001). It takes into account not only se-First, a structure-based search (DALI) (Holm and
Sander, 1993) allowed us to retrieve four protein struc- quence information (CLUSTAL W) (Thompson et al.,
1994), but also structural information from the first,tures with significant (Z score 2) similarity to L1-EN.
Most similar are the human and bacterial (Escherichia structure-based alignment. In contrast to the first align-
ment, all endonucleases within the present group arecoli) DNA repair endonucleases APE1 and ExoIII (Z
Structure
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Figure 2. Structural Details and Topology of
L1-EN
(A) Ribbon diagram of L1-EN with the loops
on the DNA binding side in cyan and the loops
on the opposite side of the molecule in yellow
(stereo, top view). Selected side chains are
drawn as balls-and-sticks and colored as
in (B).
(B) Idealized topology diagram of the phos-
phohydrolase enzyme family, adapted to
L1-EN. The diagram emphasizes the pseudo
2-fold symmetry relating the two halves, A
and B, of the molecule. Structural elements
are labeled according to the respective half,
and consecutively in space, not sequence.
The prominent B6-B5 hairpin loop is en-
larged, and connections to the N and C ter-
mini are indicated. Selected residues are
drawn as circles at their approximate posi-
tions and color-coded. Red, residues con-
served among all phosphohydrolases that are
catalytically (filled) or structurally (half-filled)
important; green, residues proposed to rec-
ognize the extrahelical nucleotide via the ri-
bose (half-filled) and the base (filled); blue,
putative peripheral DNA binding residues; or-
ange, salt-bridge restricted to AP DNA repair
endonucleases and mammalian-type L1 en-
donucleases (half-filled).
expected to be structurally adapted to participate in the N118 (N174 in APE1) in stabilizing the pentacovalent
phosphate transition state remains possible in humanmechanism of target-primed reverse transcription (see
Supplemental Data at http://www.structure.org/cgi/ L1-EN, but the residue is otherwise not conserved
among AP-like retrotransposon-encoded endonucle-content/full/12/6/975/DC1).
Third, an alignment of a subset of closely related, ases (Figure 3). D205 (D283 in APE1) forms a hydrogen
bond to H230 (H309 in APE1), elevating its pKa value.mammalian-type L1 endonucleases was analyzed for
conserved features that are not present in the other two Therefore, this histidine was originally proposed to gen-
erate the attacking nucleophile (Gorman et al., 1997; Molalignments and that might be connected to functions
restricted to this group of sequences only. Elements et al., 1995). However, the geometry in the subsequently
solved complex of APE1 and abasic DNA suggestedfrom this group presumably integrate into the same con-
sensus DNA target site, and due to cis-preference in this role is instead fulfilled by the equivalent of D145
(D210 in APE1) (Mol et al., 2000). Finally, yet anotherretrotransposition, their ORF2 protein is expected to
bind the poly(A)-tail of template RNA particularly tightly mechanism was proposed for APE1, in which the at-
tacking nucleophile is generated by a second metal ion(Figure 3).
that, in L1-EN, would be coordinated by residues D145,
N147, and H230 (Beernink et al., 2001). It is still an openConservation of the APE1-like Active Site
and Discussion of the DNA Nicking Mechanism question which of these proposed mechanisms takes
place and if they are necessarily mutually exclusive forL1-EN is closely related to APE1. In contrast to L1-EN,
the DNA substrate and product complexes of APE1 have all phosphohydrolases and for all their proposed func-
tions. In this context, Y115 in L1-EN is particularly inter-been structurally determined, and a detailed reaction
mechanism for this enzyme has been described (Mol et esting. While all other catalytic residues are strictly con-
served among the phosphohydrolase enzyme family,al., 2000). The nature and position of all the side chains
in APE1 that are proposed to be involved in the orienta- Y115 is conserved only among AP-like retrotransposon-
encoded endonucleases and AP DNA repair endonucle-tion and cleavage of the scissile phosphoester bond are
strictly conserved in L1-EN (Figure 4). It is therefore likely ases and is otherwise replaced by histidine. This illus-
trates the phylogenetic proximity of those two enzymethat the catalytic mechanism per se is also conserved
between APE1 and L1-EN. In strict analogy to APE1, subfamilies and points to a common, yet unidentified
function shared exclusively by them (Figure 3; see Sup-residue E43 in L1-EN (together with N14 and D229 [Beer-
nink et al., 2001; Weston et al., 1992]) would be involved plemental Data at http://www.structure.org/cgi/content/
full/12/6/975/DC1). Unfortunately, due to the absence ofin the coordination of a magnesium ion that could stabi-
lize the ribose 3O leaving group, while residues Y115, substrate and metal ions in the present structure, the
mechanistic details of DNA nicking by L1-EN cannot beD145, N147, D205, and H230 would preorient the scissile
bond and generate the attacking nucleophile. A role for resolved any further here.
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Instead, we shall focus on the role of T192 in L1-EN, tioned by F266 and W280. The bulky W280, together
with residues from the B4-B2 loop, has the additionalwhich has not been identified as a highly conserved
residue previously. It plays an important structural role role of restricting the size of the hydrophobic pocket to
fit only to an apurinic or an apyrimidinic residue. Thisas a “cornerstone” at the base of the aforementioned
and prominent B6-B5 loop. This loop inserts into and prevents any flippable purine or pyrimidine nucleotide
from entering and initiating unnecessary DNA repair. Inpartially collides with the wide minor groove of the
docked DNA substrate, and we presume that it bends the L1-EN structure, L282, F266, and W280 are replaced
by I204, F193, and S202, respectively (Figure 3). Becauseor unwinds the DNA downstream (3) of the cleavage
site (Figures 4 and 5A). The backbone of T192 is fixed the I204 is small enough for a flipped ribose to be placed,
and because the absence of the tryptophan at positionby multiple hydrogen bonds, and the side chain oxygen
receives weak hydrogen bonds from the main chain 202 allows space for even a purine base, it is quite
possible that L1-EN accommodates an extrahelical ade-nitrogens of I204 and D205 at the other end of the B6-
B5 loop. This anchors the bottom of the loop with nine downstream (3) of the scissile bond (Figures 4B,
4C, and 5B). This hypothesis is supported by the excep-respect to the active site. Interestingly, however, the
side chain oxygen of T192 also has the potential to tional mobility of the respective adenine, which results
from very little stacking overlap at the junction of the twodonate a hydrogen bond to the same side chain oxygen
of D205 that also receives the hydrogen bond from the DNA A-tracts. Experimental disruption of the adenine
mobility at the T-A step reduces DNA hydrolysis,catalytic H230 (Figure 4A, dotted red). As the angle, and
hence the strength, of this T192-D205 hydrogen bond whereas a widening of the minor groove by DNA bending
increases adenine mobility and DNA hydrolysis (Costvaries considerably throughout the known crystal struc-
tures, one might speculate that the bond could be weak- and Boeke, 1998; Cost et al., 2001). It is likely that the
extrahelical adenine is specifically recognized by L1-EN,ened by the transitory strain that the presence of un-
cleaved substrate DNA puts on the B6-B5 loop. A compensating for the energetic cost of breaking its Wat-
son-Crick hydrogen bonds and its remaining stackingweakened bond between T192 and D205 would ulti-
mately elevate the pKa of H230. This could trigger the interactions. S202, which is strictly conserved in the
alignment of mammalian-type L1 elements, and R155subtraction of a proton from a water molecule, generat-
ing the nucleophilic hydroxyl ion and/or help in the orien- are likely residues to form hydrogen bonds with the
extrahelical base (Figure 4C).tation of the scissile phosphate (Figure 4A, dotted green
and cyan). Although quite speculative, this potential It seems that all retrotransposon-encoded endonucle-
ases are able to accommodate an extrahelical nucleo-mechano-chemical coupling in addition to the structural
role would neatly explain the conservation of T192 as a tide downstream (3) of the scissile bond. This can be
concluded from the fact that the respective ribose canthreonine or serine in all metal-dependent phosphohy-
drolases (Figure 3; see Supplemental Data). always rest on a small hydrophobic residue located at
the position corresponding to I204 in L1-EN. The respec-
tive base seems to have space in all cases, although
Comparison of L1-EN and APE1 Regarding occasional exceptions might exist, where DNA target
Their Potential to Recognize recognition proceeds without base flipping. This would
an Extrahelical Nucleotide then be similar to the situation found in the DNaseI-DNA
The DNA recognition specificity of the endonuclease is complex, where the downstream (3) ribose cannot be
the major determinant for the selection of a new integra- flipped due to the presence of a bulky tyrosine in the
tion site by a human L1 retrotransposon. Biochemical place of I204. Importantly, however, the geometry of
data and statistical sequence analysis indicate that the proposed cleavage reaction is not affected by this,
L1-EN nicks DNA at a 5 TTTT-AA 3 consensus se- because the phosphate directly downstream (3) of the
quence that is found at the junction of two opposing A scissile bond is still bound in the same orientation in
tracts (Feng et al., 1996; Jurka, 1997). In particular, both the APE1 and the DNaseI complexes. An extraheli-
L1-EN seems to recognize the special geometry of the cal ribose downstream (3) of the scissile bond is there-
A tract upstream (5) of the scissile bond, and access fore no prerequisite for the cleavage mechanism to pro-
to the DNA minor groove is thought to be important for ceed. Nevertheless, the possibility of flipping a base
phosphodiester hydrolysis. The protein seems to sense upon DNA bending and the subsequent recognition of
the flexibility of the DNA at the T-A step, where base the extrahelical ribose/base can contribute significantly
stacking is minimal (Cost and Boeke, 1998; Mack et al., to the specificity of the cleavage reaction.
2001; Stefl et al., 2004). This mode of DNA recognition
is due to both central and peripheral residues on the
DNA binding surface of L1-EN. Their role and individual Comparison of L1-EN and APE1 with Respect
to the General Mode of DNA Bindingcontributions can be partially understood from a com-
parison of the structure of L1-EN to the structures of Judging from the conserved core of both L1-EN and
APE1, one can conclude that both enzymes follow athe DNA complexes of APE1 and DNaseI.
The active site cleft of APE1 contains not only the very similar mechanism of substrate binding and cleav-
age. The main reason why L1-EN does not show anycatalytic residues but also a hydrophobic pocket that
accommodates the abasic ribose downstream (3) of cleavage preference for abasic sites is, therefore, proba-
bly that it recognizes its target in a much more restrictedthe scissile bond in an extrahelical conformation (Figure
4B). In the APE1-DNA complex, the flipped, abasic ri- context of DNA structure and sequence. Outside of the
active site cleft, many of the DNA binding residues inbose rests on the small L282 and is flanked and posi-
Structure
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Figure 3. Sequence Alignments
Top five sequences: structure-based alignment of phosphohydrolases with known crystal structures. Positions are shaded according to
whether they can be aligned and superimpose (black), whether they can be aligned but do not superimpose (dark gray), or whether they
cannot be aligned (light gray) with positions from the human L1 endonuclease. Positions that can be aligned and superimpose in all five
sequences define the conserved core (boxed black).
Crystal Structure of the Human L1 Endonuclease
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Figure 4. Details of the Active Site in Ster-
eoview
L1-EN (blue), an AP-like retrotransposon-en-
coded endonuclease, is compared to APE1
(cyan), an AP DNA repair endonuclease. Se-
lected side chains are drawn as balls-and-
sticks (red, oxygens; blue, nitrogens) and col-
ored mandarin (involved in catalysis) or lemon
(recognizing the extrahelical nucleotide).
(A) Superposition of L1-EN and APE1, includ-
ing water molecules from L1-EN and the scis-
sile phosphate of the APE1 DNA substrate.
Upstream (5, lime-green) and downstream
(3, magenta) directions are indicated. Iden-
tity of catalytic residues between L1-EN and
APE1 with respect to chemistry and position
indicates a conserved mechanism of phos-
phodiester hydrolysis. Hydrogen bonds rele-
vant to the newly identified, conserved T192
are drawn as dotted lines.
(B) Recognition of the extrahelical abasic nu-
cleotide by APE1. Upstream (5) DNA is lime-
green. Downstream (3) DNA is magenta but
omitted for clarity apart from the extrahelical
nucleotide.
(C) Model for the accommodation and recog-
nition of an extrahelical adenine by L1-EN.
Compared to APE1, space for the base is not
restricted, (C) Model for the accommodation
and recognition of an extrahelical adenine by
L1-EN. Compared to APE1, space for the
base is not restricted, and three hydrogen
bonds are possible to residues S202 and
R155.
APE1 are not conserved in L1-EN or not even alignable al., 1992) and because the model of docked A tract
substrate DNA is of sufficient quality (Figure 5).(Figure 3). They are found in surface loops of individual
structure and sequence, rendering a direct extrapolation The regions of the L1-EN and APE1 proteins that an-
chor the intensively recognized DNA upstream (5) oftoward DNA binding of L1-EN difficult. Nevertheless,
some general conclusions are possible, because the the scissile bond (loops A3-A1, A4-A2, and A6-
A5) are structurally more similar to each other than theL1-EN protein structure is not expected to change signif-
icantly upon DNA binding (Mol et al., 2000; Weston et regions of the proteins that fix the DNA downstream (3)
Bottom nine sequences: automatic alignment of retrotransposon-encoded endonucleases, with structure-assisted manual adjustments. Only
the subset of mammalian-type L1 endonucleases that nick the same DNA target sequence is shown and, for comparison, APE1. Positions
are shaded according to whether they, in the full alignment of retrotransposon-encoded endonucleases, can always be aligned automatically
(black), whether they can always be aligned with manual adjustment (dark gray), or whether the alignment is not possible for all sequences
(light gray). Residues in APE1 that lie on the DNA binding surface and have no correspondence in L1-EN are highlighted (orange). Secondary
structure elements are labeled according to the idealized phosphohydrolase topology (Figure 2). Horizontal bars mark the DNA binding, top
surface (cyan), and the opposite, bottom surface (lemon) of the molecule. Selected positions are color-boxed. Red, residues conserved among
all phosphohydrolases that are catalytically (filled or empty) or structurally (half-filled) important; green, residues proposed to recognize the
extrahelical nucleotide via the ribose (half-filled) and the base (filled); blue, peripheral and putative peripheral DNA binding residues (empty);
cyan, residues that are part of a positively charged patch of molecular surface that is restricted to (certain) L1 endonucleases; orange, salt
bridge restricted to AP DNA repair endonucleases and mammalian-type L1 endonucleases (half-filled). Structurally important glycines and
prolines (black triangles) and conserved surface residues that might be functionally important (magenta triangles) are indicated. Sequences
are labeled according to clade, individual name, and organism (for abbreviations and accession numbers, see Experimental Procedures). ,
 helix; ,  strand; 	, 3-10 helix; TT,  turn.
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Figure 6. Analysis of Conserved Surface Features among L1 Endo-
nucleases
(A) Conservation of surface residues. The surface of human L1-EN
is color-ramped orange to white according to the conservation of
residues among mammalian-type L1 endonucleases. Left: view as
in Figure 4, with H96 indicated by an asterisk; Right: view toward
the conserved backside of loop B6-B5.
(B) Electrostatic surface potential (
15 kT [red] to 15 kT [blue],
GRASP) mapped onto the surface of L1-EN (views as in [A]). The
prominent patch of positive potential is restricted to mammalian-
Figure 5. Model for the Recognition of A-Tract DNA by L1-EN type L1 endonucleases.
(A) Surface representation of L1-EN (colors as in Figure 2) with a
docked NMR model of substrate DNA (Stefl et al., 2004) represented
as ribbons. The upstream (5) and downstream (3) duplexes are
sence of a downstream (3) DNA duplex in these caseslime-green and magenta, respectively. Sulfate ions on the surface
reillustrates the importance of upstream (5) over down-of L1-EN used to position backbone phosphates of the DNA are
yellow, and the scissile phosphate in the active site is cyan. Loop stream (3) duplex binding. Retrotransposon-encoded
B6-B5 with H198 (asterisk) on its tip inserts into the wide minor endonucleases normally do not show any of these activi-
groove at the TpA step. This likely bends or unwinds downstream ties, although the present structure would not preclude
(3) DNA, promoting the adenine to flip. Left: view as in Figure 4; them a priori (Figure 5).Right: view as in Figure 2.
With the upstream (5) DNA locked onto the L1-EN(B) Model including only upstream (5) DNA and the flipped adenine
surface via the presumed K70/H45 contacts on one sidedownstream of the scissile bond (views and colors as in [A]).
(C) APE1 bound to substrate DNA (style, views, and colors as in and the active site contact on the other side the orienta-
[A]). Surface patches corresponding to residues that have no equiva- tion, bendability and minor groove width of the down-
lent in L1-EN and that occlude the active site cleft are in orange. stream (3) DNA can be explored by the rest of the L1-EN
DNA binding surface, in particular the loops B3-B1,
B4-B2, and B6-B5. Loop B3-B1, which contactsof the scissile bond (loops B3-B1, B4-B2, and B6-
B5). Furthermore, the alignment of mammalian-type L1 the DNA from the side of the major groove and carries
a functionally important arginine in APE1, is almost ab-endonucleases that are believed to cleave the same 5
TTTT-AA 3 consensus sequence shows several surface sent in L1-EN (Figures 5A and 5C). This would allow the
prominent hairpin loop B6-B5 of L1-EN to push andside chains within that 5 binding region to be conserved
(Figure 6). K70/K71 correspond in position to the DNA bend the DNA from the side of the minor groove toward
loop B3-B1 much more than in the case of APE1.binding residues G127/Y128 in APE1 and to Y76/K77 in
DNaseI (Figure 3). H45 and N19 bind a sulfate ion (in all Loop B6-B5 is rigidified by multiple internal hydrogen
bonds and anchored within the active site cleft. H198,three available structures of L1-EN), which, extrapolat-
ing from the APE1-DNA structure, could very well take located on the tip of this loop, is conserved among
mammalian-type L1 endonucleases and points towardthe place of the DNA backbone phosphate four base
pairs upstream (5) of the scissile bond, where the width the minor groove of the 3 DNA duplex (Figures 2 and
5A). The potential of the protein to bend the DNA atof the narrow A tract DNA minor groove seems to be
sensed by the protein (Cost and Boeke, 1998). APE1 and, the junction of the two A-tracts might be an important
parameter for initial DNA recognition. The direction ofin particular, ExoIII also possess general 3exonuclease,
3phosphodiesterase, and RNaseH activities. The ab- the bend toward the major groove would increase the
Crystal Structure of the Human L1 Endonuclease
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mobility of the adenine downstream (3) of the scissile With respect to other retrotransposon- or TPRT-
related functions, initial clues are provided mainly bybond, promoting it to flip and locally unwind the DNA
duplex (Figure 5B). Finally, loop B4-B2 is also smaller the subset of mammalian-type L1 endonucleases. Their
alignment allows the identification of some additionalin L1-EN than it is in APE1. The N-terminal half of loop
B4-B2 is very similar in both proteins and fixed by conserved and exposed surface residues that are not
obviously involved in DNA binding and cleavage (Figurethe same salt bridge (D154-R182 and D219-R254, re-
spectively) (Figure 2). The C-terminal half of loop B4- 6A). These are H96 and other residues clustering in and
around the small loop B1-B2 and a group of aromaticB2 differs significantly between the two proteins, but
it might fix bent or unwound downstream (3) DNA also side chains (Y191, F194, and Y201) at the backside of
loop B6-B5. H96 is close to Y115 and might modulatein L1-EN. Most importantly, the smaller size of the loop
in L1-EN liberates the space for the downstream (3) access to the active site cleft. It is conserved as a
charged residue with low variability throughout mostadenine to flip.
The general principle of target DNA binding and bend- retrotransposon-encoded endonucleases and many
phosphohydrolases. The group of aromatic side chainsing seems conserved among all retrotransposon-
encoded endonucleases (see Supplemental Data). The is restricted to mammalian-type L1 endonucleases. In-
terestingly, some of the respective ORF2 proteins areputative DNA binding loops are quite variable in se-
quence, however, probably reflecting the sequence vari- thought to hold particularly tightly to their template RNA
(a requirement for cis-preference in retrotransposition),ability of the respective DNA targets. Compared to
APE1, the three loops on the downstream (3) side of and aromatic side chain stacking has often been ob-
served in single-stranded RNA binding (Mazza et al.,the DNA are smaller in L1 endonucleases, leaving the
active site cleft relatively exposed (Figures 3, 5A, and 2002). Additionally, mammalian-type L1 endonucleases
share a patch of highly positively charged molecular5C). Also this feature may be general for all retrotranspo-
son-encoded endonucleases. It would allow easy ac- surface that is formed by the generally variable elements
including loop A4-A2 to loop A5-A6 (Figure 6B).cess for RNA template and reverse transcriptase in order
for TPRT to proceed in a coordinated fashion. Also, this basic patch could possibly be involved in some
specialized nucleic acid binding activity.
Phylogenetic and Functional Conclusions
Summary and Perspectivesfor AP-like Retrotransposon-Encoded
The crystal structure of the human L1 endonucleaseEndonucleases
(L1-EN) is a prototype for AP-like retrotransposon-
With respect to structure, the overall architecture of
encoded endonucleases, which nick DNA with variable
L1-EN with its relatively accessible active site cleft is
specificity and are responsible for millions of retro-
generally conserved among all AP-like retrotransposon-
transposon insertions in eukaryotic genomes. The struc-
encoded endonucleases. The elements of the con-
ture of L1-EN supports an AP-like catalytic mechanism
served core as defined by the structural superpositions
and the recognition of an extrahelical nucleotide. An
can be located in most sequences. The biggest variabil-
extensive structure-assisted sequence alignment cov-
ity, where sequences are not alignable or not present at
ers AP-like endonucleases from all known clades of non-
all, is in the area of the molecule formed by the elements
LTR retrotransposons and allows new sequences to be
including loop A4-A2 to loop A5-A6 and  strand
compared quickly. The crystal structure of L1-EN to-
B1. In the most extreme case, the Sam3 element from
gether with the present alignment will greatly facilitate
the CR1 clade, loop A4-A2, is linked directly to 
attempts to modulate the sequence specificity of any
strand B6, completely deleting the elements in be-
given endonuclease, e.g., in order to convert the respec-
tween. A similar situation is present in many sequences
tive retrotransposon into a genetic tool with target-site
of the R1 clade, albeit with slightly longer A4-A6 link-
specificity. Furthermore, we have started to identify con-
ers. Another region of interesting architectural variability
served features in L1-EN that might be involved in other
is loop B2-B2, against which the downstream (3)
TPRT or retrotransposition-related functions. Combined
DNA duplex is expected to lean. In most sequences of
with the existing powerful in vitro (Cost et al., 2002) and
the L1 clade, this loop is fixed by a salt bridge that is
in vivo (Gilbert et al., 2002; Moran et al., 1996; Symer
otherwise restricted to the subfamily of AP DNA repair
et al., 2002) assay systems, the present structure will
endonucleases. In L1-EN, the bridge is formed between
undoubtedly push the analysis and understanding of
D154 in loop B2-B2 and R188 in a supporting  helix
non-LTR retrotransposition to a new level.
that is interrupting strandB6 (Figure 2). A similar stabili-
zation might occur in the RTE clade, while in all other
Experimental Proceduresclades the supporting  helix seems to be deleted. In
those cases, loop B2-B2 either contains a structure Cloning, Expression, and Purification
around a conserved tryptophan (currently aligned with of Human L1 Endonuclease
A DNA fragment encoding residues 1–239 of human L1 ORF2p wasL153 of L1-EN) or, like in DNaseI and IPP5, a significant
PCR-amplified using primers NcoI-L1O2-N1 (5 AAT CTG GAA ACCdeletion that might even extend far into  helix B2. The
ATG GCG GGA TCA AAT TCA CAC ATA ACA ATA 3) and XhoI-structure around the conserved tryptophan is restricted
L1O2_C239 (5 AGC TAG CTC GAG TTA TTA AAT CCT GAG TTCto a subset of retrotransposon-encoded endonucle-
TAG TTT GAT TG 3) on plasmid pJM130 containing a subcloned,
ases, which, for reasons of parsimony, are likely to bear a functional L1 element (L1.3, gi:307098) (Sassaman et al., 1997). The
common evolutionary origin (Figure 3; see Supplemental amplified fragment was inserted into the expression plasmid pET-
15b (Novagen) using the restriction sites NcoI and XhoI. L1-EN wasData).
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overexpressed in Escherichia coli BL21(DE3)pLysS (Novagen) after necessary, manually reconstructed from the raw database entries
(selecting those with no or very few frameshifts, extending theinduction with 500M isopropylthiogalactoside at an optical density
of OD600  0.7. Cells (2 liters) were grown at 37C for 2 hr, harvested, N-terminal sequence beyond the first methionine, deriving consen-
sus sequences, etc.). The following sequences were initially (Zinglerand lysed by sonication in buffer (20 mM HEPES [pH 7.5], 20 mM
EDTA, 10 mM -mercaptoethanol) supplemented with 300 mM NaCl et al., 2004) aligned in the given order with Clustal W (Thompson et
al., 1994) using default parameters except for gap and pair-gapand 1 mM PMSF. The cleared lysate was applied to a Heparin
column (5 ml; HiTrap HP, Pharmacia), and the protein was eluted penalties (lowered to 5 and 1, respectively). APE1; L1-clade:
L1(L1.3)-Hs, L1-Nc, L1(Tf5)-Mm, L1-Rn, L1-Cf, Sw1-Ol, L1-Dr, Tx1L-at around 850 mM NaCl, diluted in buffer to 250 mM NaCl, and
loaded onto an ion exchange column (ResourceS, 6 ml, Pharmacia) Xl, TRE5A-Dd, Zorro3-Ca, Ylli-Yl; RTE1-clade: RTE1-Ce, SjR2-Sj,
BovB-LINE-Va; Tad1-clade: Tad1-Nc, Mgr583-Mg, CgT13-Cg; R1-from where it was eluted at around 500 mM NaCl. After gel filtration
chromatography over a Superdex 75 column (HiLoad 26/60, Phar- clade: R1-Bm, TRAS1-Bm, SART1-Bm; LOA-clade: LOA-Ds, Lian-
Aa, bilbo-Ds; I-clade: I-Dm, MosquI-Aa, You-Dm; Ingi-clade: L1Tc-macia) in buffer containing 300 mM NaCl but no EDTA, the protein
was concentrated to 15 mg/ml and stored at 4C. Tc, IngiTRS-Tb; Jockey-clade: Jockey-Dm, TART-Dm, Juan-Dm;
CR1-clade: CR1-Gg, BfCR1-Bf, Q-Ag, Sam3-Ce, Pido-Sj; L2-clade:
Maui-Fr. To test the stability of this multiple sequence alignment,Characterization and Crystallization of Human L1-EN
we then varied the order and number of sequences as well as theAnalytical gel filtration was done on a calibrated Superdex 75 column
gap penalties and classified positions into three groups: group 1,(PC 3.2/30, SMART system, Pharmacia). Nicking activity was tested
positions that can always be aligned automatically (black); group 2,as described in Feng et al. (1996). Crystallization was achieved by
positions that can always be aligned with manual adjustment; groupvapor diffusion using the hanging drop method. 1 l of protein
3, positions where the alignment is not possible for all sequences.solution (15 mg/ml) was mixed with 1 l of reservoir solution and
The initial alignment was then adjusted manually, taking into accountequilibrated over 500 l of reservoir solution at 20C. A first crystal
structural information. Subsequently, the following prealigned se-form (40 m  40 m  200 m, space group P21212) was obtained
quences were added manually—Rex1-clade: Rex1-Tn, Rex1-Ol,in 2–5 days over a reservoir of 0.2 M (NH4)2SO4, 28% polyethylene
Rex1-Cp; L2-clade: L2-Ol, L2-Sp, L2-Hs. Basic illustration and sec-glycol 5000 monomethyl ether, 5 mM MgCl2. A second crystal form
ondary structure assignments were done with ESPRIPT (Gouet et(80 m  80 m  80 m, space group C2221) was obtained over
al., 1999), and the final rendering was done manually.a reservoir of 0.2 M (NH4)2SO4, 30% polyethylene glycol 1000, 5 mM
MgCl2. Crystals of the first form were transferred to cryoprotectant
(reservoir solution mixed 6.5 plus 1.5 with 80% aqueous glycerol) Accession Numbers and PDB Codes
and immediately flash-frozen in liquid nitrogen. Crystals of the sec- Retrotransposon-encoded endonuclease sequences used for align-
ond form were flash-frozen directly from the crystallization drop. ments are: L1(L1.3)-Hs, gi:307098; L1-Nc, gi:126296; L1(Tf5)-Mm,
gi:3599318; L1-Rn, gi:1791242; L1-Cf, gi:2981630; Sw1-Ol, gi:
3746497; Sw1-Cm, gi:3746505; Sw1-Dr, gi:21914808; Tx1L-Xl,Data Collection, Structure Solution, and Refinement
gi:214844; TRE5A-Dd, gi:10938; Zorro3-Ca, gi:14286188; Ylli-Yl,Data were collected at the European Synchrotron Radiation Facility
gi:20513183; RTE1-Ce, gi:3283066; SjR2-Sj, gi:19067878; BovB-(ESRF, Grenoble, France) beamline ID-14 and at the European Mo-
LINE-Va, gi:16076778; Tad1-Nc, gi:409759; Mgr583-Mg, gi:2454620;lecular Biology Laboratory (EMBL, Hamburg, Germany) beamline
CgT13-Cg, gi:1237262; R1-Bm, gi:340687; TRAS1-Bm, gi:940388;BW7B. The two different crystallization conditions resulted in crys-
SART1-Bm, gi:2055274; LOA-Ds, gi:9150; Lian-Aa, gi:2290211;tals that belong to two different but related space groups, P21212
bilbo-Ds, gi:2708264; I-Dm, gi:157749; MosquI-Aa, gi:6635953; You-and C2221. C2221 crystals contain one molecule of L1-EN in the
Dm, gi:11323017; L1Tc-Tc, gi:602092; IngiTRS-Tb, gi:10554;asymmetric unit and diffract X-rays to 2.1 A˚, while those of space
Jockey-Dm, gi:17823; TART-Dm, gi:603662; Juan-Dm, gi:27368147;group P21212 contain two molecules per asymmetric unit and their
CR1-Gg, gi:2331057; BfCR1-Bf, gi:17529693; Q-Ag, gi:432429;diffraction extends to 1.8 A˚. Diffraction data were processed with
Sam3-Ce, gi:1166577; Pido-Sj, gi:18091719; Rex1-Tn, (Volff etprograms MOSFLM (Leslie, 1992) and SCALA (Evans, 1997). A mo-
al., 2000); Rex1-Ol, gi:18157518; Rex1-Cp, 12004981; Maui-Fr,lecular replacement solution using the manually trimmed structure
gi:4378023; L2-Ol, gi:12313699; L2-Sp, gi:8289138; L2(MIR)-Hs,of the  sandwich core of APE1 (APE1 has 23% overall sequence
(Lovsin et al., 2001). Abbreviations are: Aa, Aedes aegypti; Ag,identity) gave a molecular replacement solution using the program
Anopheles gambiae; Bf, Branchiostoma floridae; Bm, Bombyx mori;MOLREP (Vagin and Teplyakov, 1997), but only in the C2221 space
Ca, Candida albicans; Ce, Caenorhabditis elegans; Cf, Canis famil-group. After a few cycles of refinement of that model with the pro-
iaris; Cg, Colletotrichum gloeosporioides; Cm, Cyprinodon macu-gram REFMAC5 (Murshudov et al., 1997), the refined model was
larius; Cp, Calliactis parasitica; Dd, Dictyostelium discoideum; Dm,used to obtain a molecular replacement solution for the P21212 space
Drosophila melanogaster; Dr, Danio rerio; Ds (LOA), Drosophila sil-group. That solution was used as input to the program ARP/wARP
vestris; Ds (Bilbo), Drosophila subobscura; Fr, Fugu rubripes; Gg,(Perrakis et al., 2001) for automated model building. The automati-
Gallus gallus; Hs, Homo sapiens; Mg, Magnaporthe grisea; Mm,cally built model was manually adjusted using the program O (Jones
Mus musculus; Nc (L1), Nycticebus coucang; Nc (Tad1), Neurosporaet al., 1991) and refined further using REFMAC5 to an R factor of
crassa; Ol, Oryzias latipes; Rn, Rattus norvegicus; Sj, Schistosoma18.5% and an Rfree factor of 21.9%. Given the high resolution of the
japonicum; Sp, Strongylocentrotus purpuratus; Tb, Trypanosomadiffraction data, NCS restraints were not employed at any stage of
brucei; Tc, Trypanosoma cruzi; Tn, Tetraodon nigroviridis; Va, Viperathe refinement. Refinement of the structure in space group C2221
ammodytes; Xl, Xenopus laevis; Yl, Yarrowia lipolytica.was not pursued due to the poor quality of the data (ice rings and
PDB accession codes for structures and sequences are: L1-ENlow completeness), but there are no major structural differences
(human L1 endonuclease), 1vyb; APE1 (human apurinic/apyrimidinicbetween the two space groups. Figures were generated using the
[AP] DNA repair endonuclease), 1dew; ExoIII (bacterial [Escherichiaprogram PYMOL (http://www.pymol.org) (DeLano, 2002).
coli] AP DNA repair endonuclease), 1ako; DNaseI (bovine DNase I),
1dnk; IPP5 (yeast [Saccharomyces cerevisiae] inositol polyphos-Structure-Based Alignments
phate-5-phosphatase), 1i9z; A-tract DNA, 1rvi.For the structure-based alignment of phosphohydrolases, the four
available structures were first superimposed onto the structure of
L1-EN via the central  sandwich. Residues were classified into Acknowledgments
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